Lactococcus lactis is a widely used food bacterium mainly characterized for its fermentation metabolism. However, this species undergoes a metabolic shift to respiration when heme is added to an aerobic medium. Respiration results in markedly improved biomass and survival compared to fermentation. Whole-genome microarrays were used to assess changes in L. lactis expression under aerobic and respiratory conditions compared to static growth, i.e., nonaerated. We observed the following. (i) Stress response genes were affected mainly by aerobic fermentation. This result underscores the differences between aerobic fermentation and respiration environments and confirms that respiration growth alleviates oxidative stress. (ii) Functions essential for respiratory metabolism, e.g., genes encoding cytochrome bd oxidase, menaquinone biosynthesis, and heme uptake, are similarly expressed under the three conditions. This indicates that cells are prepared for respiration once O 2 and heme become available. (iii) Expression of only 11 genes distinguishes respiration from both aerobic and static fermentation cultures. Among them, the genes comprising the putative ygfCBA operon are strongly induced by heme regardless of respiration, thus identifying the first hemeresponsive operon in lactococci. We give experimental evidence that the ygfCBA genes are involved in heme homeostasis.
The lactic acid bacterium Lactococcus lactis is widely used in industrial milk fermentations and is present in the majority of the Ͼ18 million tons of cheese produced yearly (41) . One main contribution of L. lactis is to produce lactic acid during fermentation, which acidifies and coagulates milk. However, L. lactis can also shift to an energetically favorable respiratory metabolism in an aerobic environment when heme is supplied (14, 21, 22, 48) . Addition of this essential cofactor of the terminal cytochrome bd oxidase complex activates an electron transport chain (14, 52) . The absence of heme biosynthetic genes in lactococci explains this requirement (21) . Respiration growth has been used for large-scale production of lactococcal starter cultures and is applicable to other lactic acid bacteria (17, 43) .
Respiratory metabolism has dramatic consequences on lactococcal physiology, with major positive impacts on biomass and long-term survival (14, 22, 28, 48) . The biomass of different lactococcal strains is essentially doubled by respiration, compared to fermentation metabolism (14, 17, 43) . This is attained since (i) protons are extruded from cells by the respiratory chain, rather than by the H ϩ -ATPase at the expenditure of ATP (5), and (ii) NAD ϩ can be regenerated by the respiratory chain NADH oxidase, which makes pyruvate metabolism more flexible. As a result, acetate (which generates ATP) and pHneutral acetoin are synthesized in place of lactate (5, 7, 14) .
Respiration growth extends long-term survival of lactococci from a few days to several months (23) . This advantage is attributed to lower cytoplasmic O 2 , which is converted to water via the membrane cytochrome oxidase, and in part, to the less acidic environment that accompanies the metabolic shift (48) . Higher stability and yields of L. lactis has led to novel industrial applications in the preparation of bacterial starter cultures (17, 43) .
We previously used a proteomic approach to investigate expression changes in L. lactis due to respiration growth in late exponential phase (55) . Some 20 proteins displayed altered expression levels or changed migration positions under respiration compared to fermentation growth. The majority of the changes corresponded to proteins involved in general carbon and nitrogen metabolism. In addition, posttranslational changes were observed, including a dramatic decrease in amounts of the oxidized form of major glycolytic enzyme glyceraldehyde 3-P-dehydrogenase, which was attributed to a less O 2 -stressed cytoplasm under respiration conditions (48, 55) . Moreover, a potential regulator of unknown function, YgfC, was specifically expressed in respiration conditions (55) .
In the present study, whole-genome transcriptome analysis was performed on mid-exponential-phase lactococci grown under static fermentation, aerobic fermentation, or respiration (aeration plus heme) conditions. We report that transcriptional responses to the aerobic and respiratory states in lactococci are different and that respiring lactococci are under lower oxidative stress. We report that the ygfCBA operon, encoding a putative transport system and regulator, is strongly induced by heme itself and is likely involved in heme tolerance and homeostasis.
MATERIALS AND METHODS
Strains and growth conditions. L. lactis subsp. lactis CHCC2862, a commonly used cheese-making strain (Chr. Hansen Culture Collection, Hørsholm, Denmark) was used for transcriptomic analyses. Strain MG1363 (20) was used for construction of ygf operon mutants, as described below. Cultures were grown in M17 (Oxoid A/S, Greve, Denmark) supplemented with 0.5% lactose (M17L) for CHCC2862 and with 1% glucose (M17G) for MG1363. Cells from a static stationary preculture were inoculated at 1% into 250 ml of fresh medium preheated at 30°C under (i) static conditions (nonagitated cultures in full bottles), (ii) aerobic conditions (cultures in 2-liter conical flasks with baffles; agitation at 170 rpm), or (iii) respiratory conditions (aerobic plus 8 M heme). The optical density at 600 nm (OD 600 ) and pH were monitored over time. Sampling was every 0.5 h; the static culture was gently agitated before sampling. Metabolite concentrations were determined by using gas chromatography and high-pressure liquid chromatography (sampling every 1 h) as described previously (12, 50) .
Isolation of total RNA. At an OD 600 of 1.0, samples of 0.67 ml were collected in 1.33 ml of RNAprotect according to the manufacturer's protocol (Qiagen, Valencia, CA). Total RNA was isolated by using an RNeasy minikit (Qiagen) except for the following: 200 l of TE buffer contained 15 mg of lysozyme (L6876, Sigma-Aldrich, Brøndby, Denmark)/ml, 15 l of proteinase K (20 mg/ml; catalog no. 19131; Qiagen), and 2 l of mutanolysin (M9901; Sigma-Aldrich) at 25 U/l. Vortexing was every 10 s at 37°C for 2 min. The quality and concentration of RNA was determined by using the RNA 6000 Nano Kit on the Bioanalyzer 2100 (Agilent Technologies, Palo Alto, CA). RNA was eluted with 2 ϫ 55 l of H 2 O, and routinely 20 to 50 g of total RNA was obtained. Only high-quality total RNA, as indicated by two sharp rRNA peaks, was used.
Design of oligonucleotides. OligoWiz 1.0 (39) was used to design 65-to 75mer oligonucleotides from most of the coding sequences identified in L. lactis subsp. lactis IL1403 (6) . Selected coding sequences from phage bIL170 (11), the lactose plasmid (13), the two plasmid-encoded proteinase genes prtM and prtP (10) , and the 5S, 16S, and 23S rRNA genes, were also included. All 2208 DNA oligonucleotides were purchased from Bioneer Corp. at a 50-nmol synthesis scale with BioRP purification and in a lyophilized state (Daedeok-gu, Daejeon, South Korea).
Array spotting. Oligonucleotides were dissolved at 10 M in 50% dimethyl sulfoxide (D8418; Sigma-Aldrich) and printed in four replicates on UltraGAPS slides (Corning B.V., Schiphol-Rijk, The Netherlands) by using a Genpak Array 21 arrayer (Genetix, Ltd., Hampshire, United Kingdom) with 16 SMP3 pins (TeleChem International, Inc., Sunnyvale, CA), yielding a spot diameter of 100 to 120 m. Washing was performed between each print cycle for 20 s in water followed by 20 s in 70% ethanol. The relative humidity was kept at 48% Ϯ 5% by placing a water bath at the appropriate temperature below the air inlet of the arrayer. The oligonucleotides were cross-linked to the surface by using a Stratalinker 1800 UV cross-linker set at 70 mJ/cm 2 (Stratagene). Printed arrays were stored in aluminum pouches with five arrays each, and silica gel was used to remove humidity. The platform specifications are available at the NCBI Gene Expression Omnibus (GEO) under accession no. GPL5400.
cDNA synthesis and labeling of total RNA. A total of 10 g of total RNA was lyophilized in a Speed-Vac. The copying into cDNA and labeling with either Cy3 (reference) or Cy5 (test) was done by using a CyScribe post-labeling kit according to the manufacturer's protocol (Amersham Biosciences, Hillerød, Denmark). One microliter of random nonamer from the kit was used for priming.
Hybridization, washing, and scanning of arrays. According to the Amersham protocol, the Cy3-and Cy5-labeled cDNA were combined and lyophilized. Hereafter, they were resuspended in 7 l of nuclease-free water, and 5 l of hybridization buffer (4ϫ) and 8 l of formamide was added. This 20-l solution was applied to the array under a 24-by-24-mm LifterSlip (Erie Scientific Company, Portsmouth, NH) and put in an airtight box containing paper towels soaked in NaCl-saturated water. Arrays were hybridized for 16 to 20 h at 42°C and then washed using the UltraGAPS protocol (Corning B.V.). Arrays were scanned by using a GenePix 4100A personal scanner with GenePix Pro 6.0 software (Axon Instruments, Inc., Union City, CA). The photo multiplier tube sensitivity values of the scanner software were adjusted to around 660 for Cy5 and 520 for Cy3 to obtain only few saturated spots on each array and about equal total signals for each dye.
Preanalysis of arrays. In GenePix Pro software, a grid with 110-m spots was superimposed on the array image and manually adjusted to fit small irregularities in spotting. Spots clearly covered by, for example, dust particles were flagged as "bad" (equal to a Flag value of Ϫ100). The intensities of all the spots were then calculated by using the "analyze" function. Spots with very weak signals in both channels were also flagged "bad." These were spots where the signal-to-noise ratio was Ͻ1 in both channels or the percentage of feature pixels with intensities more than two standard deviations above the background pixel intensity was Ͻ20, i.e., (% Ͼ B ϩ 2SD) Ͻ 20, in both channels (see the GenePix Pro manual for details). All other spots were considered "found" and had a Flag value of Ն0. All data were exported from GenePix Pro in tab-delimited format.
In further analyses, the variables of feature (spot) intensity minus the background intensity around the spot was used, i.e., (F635 median -B635) ϭ Cy5 and (F532 median -B532) ϭ Cy3. The log 2 (ratio) was calculated as log 2 (Cy5/Cy3).
Some spots may have a strong signal in one channel but a very low signal in the other. Due to noise this may result in a negative ratio and thus generate an invalid log 2 (ratio). This was corrected by using a macro in Excel 2000 (Microsoft Corp., Redmond, WA) that changed the "F635 median -B635" and "F532 median -B532" values of Ͻ10 to 10 (arbitrary) for "found" spots. The corrected data were exported from Excel and imported into Acuity 4.0 (Axon), where they were ratio-normalized with the default settings.
In Acuity a data set was created. For each array only genes were included where (i) at least three of the four replicate spots were "found," (ii) the standard deviation was Ͻ0.8 for the log 2 (ratio) among "found" spots, and (iii) Ͻ30% of the pixels in "found" spots, in both channels, were saturated. The mean of the log 2 (ratio) of replicate spots was used as the working variable in Acuity.
Use of array platform for CHCC2862. Using comparative genome hybridization, we previously found that all oligonucleotides, except about 130 (mainly prophage genes), designed from L. lactis strain IL1403 gave a hybridization signal for CHCC2862. Moreover, selected genes present in CHCC2862 had ca. 99.8% identity with the corresponding IL1403 genes when sequenced (data not shown). Overall, this shows that the platform is applicable to strain CHCC2862.
Three arrays were produced (test versus reference): (i) aerobic versus static, (ii) respiratory versus static, and (iii) respiratory versus aerobic. We previously showed that twofold differential expression can be detected using this platform, without producing replicate arrays (17, 19, 43) . Values of the "respiratory versus aerobic" array should be equivalent to those calculated by subtracting the corresponding log 2 (ratio) values of "aeration versus static" from those of the "respiration versus static" arrays. It was thus used as a control array to validate results. Only for 47 (2.3%), mostly very lowly expressed genes, did the calculated value not fit within twofold of the control array (data not shown). After preanalysis, data from 2,073 genes remained in the combined data set.
Experiments were performed on two biologically independent samples. Since the growth medium is complex and expression changes during the exponential growth phase may be rapid within short time intervals, some quantitative and qualitative differences were observed. To obtain a robust set of genes affected by the tested conditions, we earmarked only genes whose expression was affected similarly in both experiments. The figures and values are presented from one of the experiments. Array data are available at NCBI GEO under accession no. GSE8182. qPCR validations. Probes for qualitative reverse transcription-PCR (qPCR) were in all cases dual-labeled LNA probes from the Human ProbeLibrary (Roche, Diagnostics, Basel, Switzerland). For qPCR expression assays, primer sequences and probes for relevant genes were designed by using ProbeFinder software (Roche). cDNA synthesis was made using the Superscript II first Strand Synthesis kit (Invitrogen, Carlsbad, CA), according to provided protocol, with random hexamer priming. The RNA input was 25 ng of total RNA. qPCR was performed in five technical replicates with one mastermix (Low ROW MasterMix; Eurogentec, Liège, Belgium) on an ABI 7500 qPCR machine. Primers were added at 300 nM, and probes were added at 150 nM. PCR conditions used were: 10 min at 95°C, followed by 40 cycles of 15 s of denaturation at 95°C and 1 min of priming/elongation at 60°C. PCR efficiency was in the range of 85 to 100% and consistent in intra-assay comparisons. The standard deviation between replicates was Ͻ0.6 cycle threshold level.
Northern blot experiments. The expression of ygfC was examined by extracting total RNA (FastRNA Pro Blue Kit; Qbiogene, France) from aerobic or respiration cultures at the early, mid, and late stationary phases. The probe was a DNA fragment containing ygfC, obtained by PCR amplification with the primers 5Ј-ATTCCGAGAGGGAGTTTTTATCAG-3Ј and 5Ј-CGAGTTTATGAACAA CTGATTTTAATACT-3Ј; the purified fragment was labeled with [ 32 P]dCTP (Ready-To-Go; Amersham). Northern blots were performed as described previously (46) . ygfA-lacLM fusion construction and ␤-galactosidase assay. A fragment corresponding to the end of the ygfA gene (527 bp; the terminal gene of the operon) was obtained by PCR amplification with the primers yfgAfor 5Ј-GCGGCCGCC TTTCCTTACAATAGCAGGAGG-3Ј and ygfArev 5Ј-CCCGGGTTATATTTT TGATAAGAGTCC-3Ј (nucleotides not in the genome sequence are set in italics). The PCR product was digested by NotI-XmaI and inserted into cloning vector pBC570.1 (B. Cesselin and P. Gaudu, unpublished data) to generate plasmid pKT1, in which the lacLM gene was just downstream of the ygfA stop triplet. pKT1 was introduced at the ygf locus by single-crossover recombination in MG1363. To determine the ␤-galactosidase activity, cells were recovered from cultures under specified conditions, adjusted to an OD 600 of 1, and then assayed as described by Miller (36) .
ygf mutant construction, ygf operon complementation, and heme sensitivity test. We constructed ygfC and ygfB single-crossover mutants of the L. lactis strain MG1363. For ygfC, a 325-bp internal fragment was amplified with the primers 5Ј-ATTCCGAGAGGGAGTTTTTATCAG-3Ј and 5Ј-CGAGTTTATGAACAA CTGATTTTAATACT-3Ј; for ygfB, a 578-bp internal fragment was amplified with the primers 5Ј-GGAATGCCGAGAAAATAATTC-3Ј and 5Ј-AATCCAT AGCGCTTAGCG-3Ј. Fragments were first cloned into pCR2.1-TOPO and sequenced. Plasmids were then digested with EcoRI, and fragments of interest were cloned into EcoRI-restricted pRV300 and established in Escherichia coli (32) . Resultant plasmids were prepared and used to obtain SCO integrations by electroporation of MG1363 and selection with erythromycin (2.5 g/ml). Integrations were confirmed by Southern hybridization.
The three adjacent genes ygfC, ygfB, and ygfA were recovered on a single DNA fragment by PCR using chromosomal DNA extracted from L. lactis strain MG1363. The primers were ygf HindIII (5Ј-AGAAAGCTTGAAACCTGATA CTGACCGTATGGC-3Ј) and ygf EcoRI (5Ј-AGAGAATTCCCACAACCTAT CTTAGCCTTGGC-3Ј). The resultant 2.9-kb fragment was digested with HindIII and EcoRI, purified, cloned into HindIII-EcoRI-restricted pGϩhost8 (34) , and established directly in L. lactis MG1363 with tetracycline (5 g/ml) selection; the resultant plasmid is referred to as pYgfCBA. To determine whether the cloned ygf genes complement the ygfB or ygfC mutant, the mutation was established in the pYgfCBA-containing strain by conjugation (24) . Transconjugant selection in both cases was with erythromycin at 3 g/ml and tetracycline at 5 g/ml.
The wild-type and the ygfC or ygfB mutant strains, as well as strains containing the chromosomal mutation and the complementing pYgfCBA plasmid, were examined for heme sensitivity as follows: stationary-phase cultures were diluted 1:100 and plated on M17G agar plates. Heme (2 l of a 20 mM stock solution [13 mg/ml]) was spotted onto the plates, which were incubated overnight at 30°C and photographed. The experiments were repeated four times with comparable results.
RESULTS AND DISCUSSION
Growth characteristics and experimental design. Industrial strain L. lactis subsp. lactis CHCC2862 was grown in rich M17L under static, aerobic, and respiratory conditions (see Materials and Methods). The OD 600 , pH, sugar, and end product concentrations were monitored during growth (Fig. 1) . As previously reported for L. lactis subsp. cremoris MG1363, the OD 600 and pH of stationary CHCC2862 cultures were substantially higher for cells grown via respiration versus cells grown in static or aerobic fermentation (OD 600 ϭ 5.8 compared to OD 600 ϭ 3.2 to 3.5 and about 1 pH unit higher). The end products acetoin and acetate were greatly increased, while lactate production was reduced (Fig. 1) . CHCC2862 thus displayed respiration characteristics similar to those of MG1363 (14, 52) .
For transcriptome studies, cells were harvested from the exponential phase at an OD 600 of 1.0 (indicated by arrows in Fig. 1 ). At this point the pH of all cultures had decreased only slightly, from 6.7 to about 6.4. Microarrays were produced for (i) aerobic versus static, (ii) respiratory versus static, and (iii) respiratory versus aerobic cultures. The data from the "respiratory versus aerobic" array gave information that can be calculated using values from both "respiration versus static" and "aeration versus static" arrays; it was used as a control array to validate results. Below, we discuss genes whose expression differed by Ͼ4-fold during aerobic or respiratory growth relative to static conditions in two independently conducted experiments. Since this threshold is high, it is likely that other genes respond at lower levels to the tested growth conditions. Aerobic fermentation affects the expression of stress response genes. Expression of at least 20 putative stress response genes was affected mainly under aerobic, nonrespiratory conditions (Table 1) and represented the predominant category of genes with known function (see Table S1 in the supplemental material for a complete list of the categories). Several of the stress response genes encode detoxification enzymes (e.g., AhpCF, GshR, PmsX, Qor, SodA, and YgmK) (37, 45, 51, 53) . In line with these values, physiological studies showed that superoxide dismutase gene sodA (ϳ6-fold induced by aeration compared to 3-fold induced by respiration) is required for survival in aeration but not respiration conditions (14, 51) . Genes encoding DNA protection and other stress response functions (e.g., HslB and OsmC) (1, 3, 40, 56) are also more markedly expressed in aerobic cultures. Cytoplasmic NADH oxidase gene noxE is among the most highly induced genes (15-fold) under aerobic growth. NoxE is implicated in the shift from homolactic to mixed acid fermentation (14, 33) . It is required in numerous Streptococcaceae for aerobic growth, but respiration chain NADH oxidase activity (5) may compensate for this requirement, as we recently observed in Streptococcus agalactiae (58) . Universal stress proteins were described in Escherichia coli as a family of proteins that are induced in response to a wide range of environmental signals, including DNA-damaging agents and respiratory uncouplers (31) . Out of six putative universal stress proteins in L. lactis, three were most highly expressed in aeration conditions (yahB, yjaB, and yobA). Among these, the protein encoded by yahB was previously identified as being induced in an O 2 -sensitive L. lactis thioredoxin reductase-deficient trxB1 mutant (55) .
Proteins responding to oxidative stress might undergo conformational changes linked to the formation of disulfide bonds (42) . The expression of six genes potentially encoding disulfide bond-containing proteins (http://www.doe-mbi.ucla.edu /ϳboconnor/GDAP/query_v2.php? EXP_ID ϭ 1) is altered mainly by aerobic growth (fadA, gshR, nifJ, osmC, ybjA, and yfiE; see Table S1 in the supplemental material). For example, the gene encoding cysteine-rich NifJ (pyruvate-ferredoxin oxidoreductase) is downregulated in aerobic conditions, in keeping with its known O 2 sensitivity (29) .
Expression of purine de novo synthesis genes was markedly lower, mainly in aeration conditions but also in respiration conditions compared to the static condition (data not shown). However, substantial differences in values were observed between experiments: M17 medium contains purine compounds for growth until around an OD 600 of 1.0, as deduced from previous studies of a purine de novo synthesis mutant and time course transcriptome analysis with CHCC2862 at around an OD 600 of 1 (C. Garrigues and D. Nilsson, unpublished results). The fluctuation in these values is likely to arise from slight differences in the kinetics of purine utilization and/or M17 batch variation.
The numerous genes that respond to aerobiosis are likely to be involved in the aerobic life of L. lactis. O 2 is present under both aerobic and respiratory growth, but differential expression points to a different physiology under the two conditions. The greatly improved growth and survival as found previously for L. lactis during respiratory, compared to aerobic fermentation growth correlates with a markedly lower induction of stress response genes.
L. lactis genes regulated by both aeration and respiration growth. Relative to static growth, 59 genes responded similarly to aeration and respiration (see Table S2 in the supplemental material), most of which are involved in central metabolism and transport. The mechanism of how these genes respond similarly to aerobic fermentation and respiration conditions remains to be investigated. However, two examples of genes affected in both conditions (see below) suggest that the regulation of some genes might (i) be highly sensitive to O 2 or (ii) respond to factors other than O 2 , such as NAD ϩ or CO 2 , which should be present in both conditions.
Pyruvate formate lyase (encoded by pfl), which is highly O 2 sensitive, was downregulated by aeration but also by respiration growth (both four-to fivefold; see Table S2 in the supplemental material). Thus, low intracellular O 2 levels in respiration cells (48) are likely sufficient to downregulate pfl expression. However, we observed increased amounts of Pfl protein in stationary-phase respiration cultures (B. Cesselin and P. Gaudu, unpublished data); since cydAB genes are induced late in growth (14) , increased Pfl might reflect efficient O 2 elimination through respiration late in growth.
The arginine catabolic genes arcA, arcB, arcC1, and arcC2 are repressed in aerobic and respiratory compared to static conditions. Enzymes encoded by these genes reportedly contribute to raising internal pH in acidification conditions by liberation of NH 3 and are induced by acid stress (8), (47) . These genes are reportedly downregulated in the presence of O 2 in different bacterial species (e.g., see references 16 and 26). However, since intracellular O 2 appears to be lower in respiration than in aeration conditions, other factors might contribute to the repression of arginine catabolic genes (9). One candidate is NAD ϩ , which expectedly reaches increased levels in both aerobic and respiratory growth via NoxE and heme-activated NADH oxidase activity, respectively (4, 5). An alternative signaling molecule common to aeration and respiration conditions is CO 2 , which might affect the regulation of arginine catabolism (38) .
The expression of genes implicated in respiratory chain assembly and respiration activity is constitutively expressed. An active respiration chain in L. lactis requires an electron donor possibly encoded in L. lactis by noxB (L. Rezaïki, unpublished data), an electron receiver and transmitter (requiring genes of the men operon, plus ispA and ispB (49) , and a terminal electron acceptor (encoded by structural genes cydAB and requiring cydCD genes for assembly (14, 44) . In addition, L. lactis requires a heme uptake function (fhu operon) (21) . Surprisingly, the expression of none of these genes was specifically induced by respiration (Table 2) . We conclude that res- a Genes related to stress response and showing differences greater than ϳ2- piration genes are expressed regardless of growth conditions. It is possible that at least some of these genes have functions under nonrespiratory conditions. Nevertheless, their expression under all conditions suggest that cells could activate respiration rapidly once heme and O 2 are available. This draws support from early work showing that the respiration chain is immediately activated in fermentation-grown cells by heme addition (52) . Compared to aerobic fermentation, respiration leads to greater production of metabolites acetoin and diacetyl, whereas the amounts of lactate are diminished (Fig. 1) (14, 28) . Despite these major changes in pyruvate metabolism the expression of als (encoding acetolactate synthase) and aldBC (encoding acetolactate decarboxylase) was not differentially expressed in respiration conditions; the expression of ackA1A2 (encoding acetate kinase) and pta (encoding phosphate acetyltransferase), which produce acetyl phosphate from acetate or from acetyl-coenzyme A (CoA), respectively, were similarly expressed under all three conditions (see Table S2 in the supplemental material and raw array data). Considering the extensive changes in the end product patterns of respiring lactococci and the lack of changes in expression levels for relevant genes, we suggest that fluxes away from pyruvate might be controlled at the metabolic level, possibly via the redox balance (18, 30) .
Eleven L. lactis genes respond mainly to respiration conditions. Six genes, organized in two and three potential operons, and one monocistronic gene, were induced specifically in respiration. Five genes, including a two-gene cluster, were repressed mainly in respiration (Table 3) . Nine of the genes encode putative transport functions. Notably, none of the genes with respiration-specific responses encodes known stress response functions.
The amtB and glnB genes form a putative operon that is induced five-to sevenfold by respiration. These genes encode a channel for ammonium capture that is active in ammonium limitation and feeds into the glutamine synthetase pathway (27) . Ammonium, which is generated from the degradation of arginine, may be limiting, since arc genes are repressed in aerobic and respiration conditions (Table 3) , and cells undergo a general arginine starvation toward the end of growth (55) . The induction of amtB and glnB in respiration cultures may simply reflect a greater demand for nutrients.
The adhE gene codes for alcohol dehydrogenase (AdhE), which uses NADH as a cofactor to mediate the conversion of acetyl-CoA to acetaldehyde and then to ethanol. adhE expression was 91-fold lower in respiration and 23-fold lower in aeration. Repression of adhE in aerobic conditions was previously reported (2) . Since NADH oxidase activity is high in both aerobic and respiration conditions, the more repressive effect of respiration conditions on adhE expression might suggest that downregulation is related to limiting the amounts of NADH rather than O 2 .
The ygfCBA genes form a putative operon in L. lactis strains IL1403 and MG1363 (6, 57) encoding a putative regulator (ygfC), a transporter permease (ygfB), and an ABC transporter ATP-binding protein (ygfA). These genes were specifically induced ϳ30-fold in respiration. Respiration-induced expression of the regulator YgfC was previously observed in proteomic studies (55) . Further experiments were conducted to characterize these genes (see below).
qPCR validation of microarray data. Validation of microarray analyses was conducted by qPCR on 34 genes being up-, down-, or unregulated and representing genes of various absolute expression levels. New cultures were grown, and comparisons were made to microarrays of respiration versus static cultures (Table 4) . For all genes that were Ͻ10-fold differentially expressed on the arrays, microarrays and qPCR gave the same result within 2-fold, with the exception of lowly expressed gene, glpK. In this case, qPCR most likely gives the more accurate result. For the five genes showing Ͼ10-fold differential expression, the microarray and qPCR showed the same qualitative result. Overall, the qPCR results validate the results of the array platform.
Evidence that ygfCBA genes are transcribed as an operon whose expression is induced in respiration conditions. This putative operon organization of ygfCBA genes is conserved in three L. lactis sequenced genomes (IL1403, MG1363, and SK11) (6, 35, 57) . The three genes are bounded on either side by putative rho-independent terminators, whereas no terminator is predicted between the genes (data not shown). ygfCBA transcription and expression as a function of time and growth condition was examined by Northern blotting, using a ygfCspecific probe (Fig. 2) . A single major transcript of ϳ2.3 kb was revealed at the size expected for an mRNA comprising the three genes. Expression was barely detectable in static or fermentation conditions but was strongly induced during respiration growth. Expression in respiration conditions was lower when the cells reached stationary phase. These results confirm that ygfCBA expression is induced under respiration conditions and strongly suggest that these genes constitute an operon.
The ygf operon is induced by heme irrespective of respiration. The strong induction of the ygf operon in respiration conditions could be a response to respiration itself or solely to the presence of heme. To distinguish between these possibilities, a fusion of the lacLM reporter (encoding a ␤-galactosidase) just downstream of ygfA (the last gene of the operon) was introduced at the chromosomal ygf locus; these constructions were done in L. lactis strain MG1363, since it is readily genetically manipulated and has been used for previous respiration studies. The fusion-harboring strain was grown in static and aerobic conditions, with or without 100 M heme (Fig. 3A) . Strong induction of ygf gene expression by heme was observed in respiration conditions and even under static conditions where respiration does not occur. These results confirm the transcriptome results. Furthermore, they show that the ygf operon is induced by heme itself and not by respiration.
L. lactis ygf genes are involved in heme homeostasis. The strong induction of the ygfCBA operon led us to investigate possible roles for these genes in lactococci. YgfC was predicted to be a transcriptional regulator of the downstream genes (55) . Interestingly, L. lactis genes yxeA and yxeB found elsewhere in the genome encode proteins with relatively high identity to YgfB and YgfA (38 and 59%, respectively Tables 2 and S2 in the supplemental material). These recently characterized S. aureus genes were found by transcriptomics to be induced by heme (15) and were implicated in heme efflux, since the hrtA mutants were heme sensitive (54) . Since only the ygfCBA genes, and not yxeAB, were specifically induced by heme, we investigated whether this operon was involved in heme homeostasis.
ygfB and ygfC mutants were constructed in L. lactis strain MG1363 (genes llmg_0625 and llmg_0626, respectively) (57). Mutant strains were furthermore complemented with a copy of the ygfCBA genes (on plasmid pYgfCBA). Parental, mutant, and complemented strains were examined for heme sensitivity on solid medium in aerobic conditions (Fig. 3B and data not shown). Heme is inhibitory when present at high concentrations but stimulates growth via respiration at lower concentrations. Both these phenomena were visualized on the plates. Both ygfC and ygfB mutants were hypersensitive to heme compared to the parent strain. Heme sensitivity was fully relieved when mutant strains contained the pYgfCBA plasmid. These results lead us to suggest that, like the hrtAB genes in S. aureus, ygfBC genes are likely involved in heme homeostasis. Based on these results, we propose to rename ygfB as hrtA and ygfA as hrtB, in accordance with the names assigned for staphylococci. However, its regulation is likely to be quite different. In S. aureus, hrtAB expression is regulated by an adjacent two-component system. In L. lactis, YgfC is a candidate regulator for the operon. No YgfC homolog is present in S. aureus or in any closely related species: its function is currently under study in our laboratory.
Conclusions. Respiration growth of L. lactis results in substantial changes in physiology, biomass, and survival. Genomescale analysis comparing L. lactis expression in static, aerobic, and respiration conditions was used to better understand how each of these conditions affects the bacterium. The findings reported here are being used to further examine the genetic basis for respiration. One main finding is that aerobically grown cells are subject to aerobic stress, as seen by the differential expression of numerous stress response genes. This contrasts with a markedly lower stress response in respirationgrown cells. A confirmed explanation for this is that O 2 is efficiently eliminated by respiration chain activity (25) . Thus, respiration metabolism can provide the double advantage of being energetically favorable for lactococci and removing O 2 for improved survival. We consider it likely that genes whose expression is more affected by respiration than by aeration are likely to be regulated by factors other than O 2 . NADH oxidases expressed in both of these conditions would lead to lower NADH levels, which evokes the possibility that the redox ratio influences both metabolism and gene expression.
We were initially surprised that genes required for respiration were expressed in the three tested conditions and that relatively few genes were specifically induced. This may indicate that a strategy of "readiness" is incorporated into the genetic program regarding lactococcal respiration, and this may be valuable in the case of rapidly changing environments. We are currently investigating the changes due to respiration at the posttranscriptional level.
The main transcriptional change due to respiration involved strong upregulation of the ygf operon. This operon is induced by heme, rather than by respiration itself. ygf is the first identified heme-inducible operon in lactococci. The role of ygf genes in heme homeostasis is suggested by heme sensitivity of FIG. 2 . ygfCBA genes are cotranscribed and expressed mainly in exponential growth under respiration-permissive conditions. Cultures of MG1363 were grown under static, aerobic, or respiration conditions. RNA was prepared from cells harvested at the indicated OD 600 . Northern blotting was performed with a ygfC specific probe. The single major RNA band was estimated at ϳ2,300 nucleotides (nt) based on control ladder, as expected for transcription of the three ygf genes as a single operon. (54) . A novel putative regulator, YgfC, is involved in heme homeostasis, specifically in L. lactis. It is notable that the basal level of heme tolerance of wild-type lactococci appears to be higher than that of staphylococci, i.e., Ͼ100 M versus Ͻ10 M, respectively (Fig. 3) (15, 54) . The existence of hemeresponsive genes raises questions concerning the natural environments that are home to lactococci. We suggest that dense ecosystems, including heme-producing bacteria, may provide a heme source to trigger L. lactis respiration. 
